Special automated equipment is constructed for ultrasonic velocity measurements at various incidence angles of waves that is necessary for estimation of anisotropy parameters of rocks. As an example on anisotropy study, we perform physical modeling of wave propagation in artificial sample of transversely isotropic (TI) symmetry, which represents a model of fractured rock. The equipment includes hydraulic press for simulation of vertical pressure in the Earth, at a range up to 40 MPa. Computercontrolled positioning system provides precise independent positioning of ultrasonic source and receiver. Using this experimental setup, we acquire P-wave velocity data for plate-stack model formed by acrylic 1 mm thick sheet plates. This setup enables us to perform reliable velocity measurements at the angle interval from 15° to 90° and additional single measurement at 0°. Using measured velocities, we estimate Thomsen's anisotropy parameters ε and δ.
Introduction
Effective-medium theories developed by Hudson (1980) and Schoenberg (1980 Schoenberg ( , 1983 mark the beginning of investigation on fractures'-induced anisotropy of rocks due to aligned cracks and fractures. Schoenberg's LinearSlip (LS) model of TI-symmetry is the most simple effective-medium model of rocks with one set of parallel fractures (Schoenberg & Sayers, 1995) . Due to the simplicity and clarity of the LS model, it has found wide application in seismic exploration. Performed in ultimate 20 years, there are many laboratory ultrasonic experiments (applying pulse-transmission technique) using acrylic glass plate-stack models, for the LS-model-theory verification (e.g. Hsu & Schoenberg, 1993; Gik & Bobrov, 1996; Far, 2011; Far et al., 2014; Chichinina et al., 2007 Chichinina et al., , 2009 . However, those studies present the velocity data measured only for a narrow range of the wave-incidence angles, and rather limited interval of uniaxial pressures. In fact, Hsu and Schoenberg (1993) acquired velocity data for only 6 angles between 0° and 90°, at the pressure range from 6 MPa to 24 MPa, by the 6 MPa steps. Far (2011) measured ultrasonic velocities for similar plate-stack model only for three angles 0°, 45° and 90°, at the pressure range from 3 MPa to 14 MPa. In the experiments of Gik & Bobrov (1996) and Chichinina et al. (2009) , very low pressures were applied, with the highest one of only 4 MPa. In reservoir characterization and production development, it is important to obtain the full stiffness tensor of rocks' formations by means of ultrasonic velocity measurements in rock cores. The most elusive element of this tensor is C 13 , which is necessary for reliable estimates of the Thomsen (1986) anisotropy parameter δ used in many seismic and geomechanics applications. One of the objectives of this paper is to increase accuracy of δ-estimation by constructing special Ultrasonic Measurement System. There are a number of factors influencing the accuracy of the C 13 and hence δ determined from measurements of ultrasonic velocities in rock cores (e.g. Vernik, 2016; Sarout et al., 2015; Yan et al., 2016) . Accuracy of the calculated C 13 depends on the accuracy of measurements of the P-wave phase velocity V P propagating at an oblique angle to the bedding-normal symmetry axis that is different from 0° or 90° (most often measured V P45 at φ=45°). In fact, limited range of available incidence angles rather complicates reliable estimation of the fifth component C 13 of the TI-stiffness tensor. Chichinina (2017) gives an overview on the theoretical and empirical constraints on C 13 hold in VTI rocks. Chichinina et al. (2015) find that the lower bound C 13min established by Yan et al. (2016) 
Study on C 13 and δ is the main motivating factor for development of our upgraded device of Ultrasonic Measurement System with a final goal of obtaining quantitative and reliable information on the velocities measured at wider angle range that allow us to make a more reliable estimation of C 13 and hence parameter δ.
Methodology
To perform velocity measurements on VTI plate-stack model at the angles 0° and 90° to the axis of symmetry, it is sufficient to arrange pairs of transducers on the upper and lower faces and the lateral faces (the left and right) of the model, respectively. However, data acquisition for other angles, between 0° and 90°, requires the use of a more complicated technique. In the experiments of Hsu & Schoenberg (1993) and Chichinina et al. (2009) , the source position is fixed. The angle range can be achieved by shifting the receiver position in the vertical direction relatively to the constant position of the source (shown in Figure 1 ,A), or by circumferential shifting of the receiver (Figure 1 ,B). The latter approach ("the circle shifting") is simpler, since the source-to-receiver distance remains constant due to the fixed source position at the circle center (Figure 1,B) . The angle φ between the source-to-receiver direction and the transducers' axes is also constant that eliminates the need to take into account the effect of the directivity pattern of the transducers and allows to obtain data for the dynamic analysis preserving true amplitudes during the experiment.
Figure 1.
Three options (A, B and C) for the geometry position of the source-receiver pair #2 in physical modeling on the plate-stack sample (R#2 is for the receiver point, and S#2 is for the source point). Position of the pair of transducers #1 is constant, φ=0°. The option C is for our proposed methodology, in which the position of the pair #2 is identified by the angle φ defined by equation (2).
We develop a new approach (shown in Figure 1 ,C), which is the logical continuation of "the circle shifting" approach, in which both the source and the receiver move in along identical circular trajectories. This approach makes it possible to reduce the minimum value of the angle φ between the direct wave path and the VTI-symmetry axis (Figure 1 ,C). Besides, it results in increasing the length of the direct wave path that improves the accuracy of the velocity estimation (Figure 1,C) . The Ultrasonic Measuring System is equipped with handpump hydraulic press (designated by "A" in Figure 2 ), with a maximum compression force of 50 tons, and with a certified manometer (with a division scale of 2 MPa), showing the pressure in the hydraulic system. The ratio of the areas of the bottom part of the hydraulic press and the upper plane of the plate-stack sample is about 10 / 6.5. The accuracy of maintaining constant pressure during operation is about 0.25 MPa. The minimum step of the applied loading pressure is 1.3 ± 0.16 MPa. A plate made of 40 millimeters steel ("Q" in Figure 2 ) is installed on the press frame. Similar smaller plate (designated by "B") is placed between the sample and the pressing device of the hydraulic press. Made of 16 mm-thick aluminum, the base frame of the measuring-system device (designated by "I") is installed on the top of steel plate ("Q"). Two vertical stands (the two piles "D") are fastened to the base "I", on which the positioning system is fixed. The devise is designed to automatically change the position of the source/receiver transducer to a fixed angle (α and/or β) along the arc of a circle. The positioning system based on aluminum frame ("E") and consists the stepper motor ("F") connected by a toothed belt transmission linked to the main rotating shaft ("O"). In addition, it includes zeroposition optical sensor ("H") and a moving optical flag ("N"). Actually, the positioning system includes two equal devices: one of them for the receiver transducer applied to one side of the rock-sample and the other for the source transducer, at the opposite side of the sample; for that there is the shoulder with adjustable radius of rotating ("L") and the spring clamp ("K") for pressing the source/receiver transducer ("J") to the surface of the sample. Each positioning system device is connected to the control equipment using a pair of connectors ("G").
Designated by "M" in Figure 2 , the plate-stack modelsample is made of 1mm-thick acrylic plates. The dimensions of the sample are chosen as 200 mm  50 mm  200 mm, based on several factors such as the maximum feasible loading pressure, the data-acquisition geometry that affects available φ-angle range, and taking into account the mechanical strength of the sample. The model is placed between two 20-millimeter-thick aluminum plates ("P") used for uniform distribution of the loading vertical pressure. Both plates have the profiled slot for arranging the source/receiver transducers (pair #1) inside of it, which is designated for the vertical V P0 -velocity measurement. To fix the position of the model, the vertical rods ("C") are used. The Ultrasonic Measuring System is equipped with four piezoceramic P-wave transducers (pair #1 and pair #2) as shown in Figure 1 . The transducers are made from d10  3 mm PZT discs with a backing made from epoxy composition of iron oxide. In our oncoming research, the upgraded Ultrasonic Measuring System will be supplemented by multicomponent transducers similar to those described in Chichinina et al. (2009) , which allow simultaneous recording of P, SV and SH waves at each data point. The experimental setup includes equipment for controlling the movement of the transducers, generating and recording of the ultrasonic signal (Figure 3) . Most of the devices used are similar to those described in Polovkov et al., 2015) . The basis of the setup is a personal computer running the control software written in C++ and connected to the multifunctional input-output (I/O) card. Digital I/O is used to provide a signal to drivers of stepper motors when moving a pair of ultrasonic transducers #2, as well as monitoring the state of optical sensors. Ultrasonic receivers are connected to the ADC board through the charge amplifier with a gain of 25-1200 and a frequency range of 20 kHz -3 MHz. To select one of the two receivers (#1 or #2), a switch box is used. In the future it will be replaced by a digital controller for automatic selection of the recording channel.
To generate the ultrasonic signal from the transmitter, a short duration (from 0.2 to 8 μs) pulse signal generator and a high-voltage amplifier providing a signal amplitude of up to 300 volts at the output are used. The signal is fetched by the switch box. Visual control of the signal transduction, registration and the wave-form monitoring is performed using digital oscilloscope. The control software implements fully-automated measurement cycle with the data recorded in the standard seismic SEG-Y format after scaling the signal (with the scaling factor 1:20 000) and providing all the necessary trace headers. It supports flexible setting of the measurement parameters such as the range and step of transducers' positions, receiver-transmitter azimuthal distance, registration time, sampling frequency and parameters of signal vertical stacking. The minimum step of a transducer position is 8.1', so the range of angles from 0° to 90° can be broken down into 667 individual measurement points that ensures the accumulation of statistically significant data volume. It is also possible to measure in 4 quadrants (0°, 90°), (90°, 180°), (180°, 270°) and (270°, 360°) that allows to estimate possible inhomogeneity of the sample. For the pair of transducers #2 (shown in Figure 1 ,C), the angle φ between the source-to-receiver line and the symmetry axis z is calculated as:
where r is the radius of the circle described by the transducers, A is the thickness of the sample, α and β are the azimuths of the transducers. To minimize the effect of reflections from the sides of the model, r is set to 87.5 mm. The resultant range of φ is from 15° to 90°.
Control test
To assess the accuracy and repeatability of measurements by the Ultrasonic Measurement System, the following control tests were carried out:
• Evaluation of the stability of the signal path;
• Evaluation of the accuracy of the construction of the plate-stack model of the TI-symmetry; • Evaluation of the repeatability of data during a series of measurements. The equipment forming the signal path has shown complete absence of change in the shape of the recorded signal waveform during the experiment. To assess the accuracy of the construction of the platestack model, series of measurements were made along the circular trajectory with the pair #2 of the transducers while keeping α = β. Averaged estimated first-arrival time deviation was 0.16% (0.79 ms with first-arrival time of 486 ms after the scaling). The velocity of propagation of longitudinal (P) wave in the plate-stack sample along the bedding plane is equal to V P90 = 2375 ± 18 m/s, as shown in Figure 5 . Figure 4 shows results of the repeatability test. Data were recorded in the transmitter azimuth range from 0° to 360°, at the same pressure (7 MPa) and with the same equipment settings twice, with time interval of 3 hours; that implied removing the pressure after the first measurement, with the subsequent reloading of the sample. Subtraction of the two datasets demonstrates good repeatability (Figure 4 ).
Application example: Estimation of P-wave-velocity anisotropy parameters Figure 5 shows the experiment results of the V P (φ) -velocity measuring as a function of the angle φ. The angle φ is measured with respect to the vertical axis z (the latter is the axis of symmetry of the VTI medium), that is φ = 0° points the direction perpendicular to the bedding plane of plates in the sample. According to the theory for TI medium (Thomsen, 2002) , the V P velocity as a function of the angle φ can be estimated as:
where V P0 is the vertical velocity at the angle φ = 0; the angle φ is measured with respect to z-axis (the latter is the vertical axis of symmetry of the VTI medium); ε and δ are the anisotropy parameters (Thomsen, 1986) 
. Formula (3) for the velocity V P (φ) can be written in the form:
δ, and c = V P0 . By Eq. (4), we compute the coefficients a, b and c using the least squares method, and obtain V P (φ) =183.63 sin 4 φ -165.51 sin 2 φ + 2353.5, as shown in Figure 5 .We obtain the anisotropy parameters ε and δ by the following formulas derived directly from Eqs. (6):
that yields ε = 0.01, δ = -0.07 and V P0 = 2353.5 m/s. Figure  5 shows the velocity curve V P (φ), which fits the data points in the best way, with 94% accuracy. Computed V P (φ) well repeats the overall trend obtained in the experiment. High sampling density of the data points in the angle range from 0° to 90° enables estimation of Thomsen's parameter δ with high accuracy: this is the better way (e.g., Sarout, 2015) in comparison with the conventional way of δ-estimation from a single reference velocity V P45 .
Conclusions
We have constructed and tested an experimental facility for performing ultrasonic measurements on samples of vertically anisotropic media (the Ultrasonic Measurement System). It enables carrying out reliable velocity measurements of high accuracy at wide ranges of angles and vertical pressures. We develop the technology that enables acquisition of high-quality P-wave velocity data at the interval of "oblique angles" between 0° and 90° that is necessary for estimation of C 13 and hence the parameter δ. Note that Eqs. (1) for C 13min and C 13max include C 44 and C 66 , which identify shear-wave anisotropy; estimation of the latter is included in the oncoming research by further upgrading the Ultrasonic Measuring System. Estimation of shear-wave velocities V SH (φ) and V SV (φ) will enable us to study feasibility of application of the new bounds C 13min and C 13max for VTI-rocks. 
